Colours in feathers are produced by pigments or by nanostructurally organized tissues that interact with light. One of the simplest nanostructures is a single layer of keratin overlying a linearly organized layer of melanosomes that create iridescent colours of feather barbules through thin-film interference. Recently, it has been hypothesized that glossy (i.e. high specular reflectance) black feathers may be evolutionarily intermediate between matte black and iridescent feathers, and thus have a smooth keratin layer that produces gloss, but not the layered organization of melanosomes needed for iridescence. However, the morphological bases of glossiness remain unknown. Here, we use a theoretical approach to generate predictions about morphological differences between matte and glossy feathers that we then empirically test. Thin-film models predicted that glossy spectra would result from a keratin layer 110-180 nm thick and a melanin layer greater than 115 nm thick. Transmission electron microscopy data show that nanostructure of glossy barbules falls well within that range, but that of matte barbules does not. Further, glossy barbules had a thinner and more regular keratin cortex, as well as a more continuous underlying melanin layer, than matte barbules. Thus, their quasi-ordered nanostructures are morphologically intermediate between matte black and iridescent feathers, and perceived gloss may be a form of weakly chromatic iridescence.
INTRODUCTION
Colours of animals can be produced by two broad categories of mechanisms. Pigment-based colours result from the wavelength-dependent absorbance of light by molecules, typically carotenoids and melanins [1, 2] . By contrast, structural colours are produced by coherent scattering of incident light by tissues that periodically vary in refractive index [3] , and can be iridescent (i.e. varying in hue with angle of observation) or noniridescent. In feathers, iridescent coloration is usually produced by layered stacks of keratin and hollow or solid melanosomes in feather barbules [3, 4] , with colour properties deriving from the optical path travelled by light (determined by the layer's thickness and refractive index), as well as the difference in refractive index of the materials. In the simplest case, a single layer of keratin over a layer of ordered melanin granules creates the appropriate optical path to produce iridescent colours with discrete peaks [5] [6] [7] . These thin-film structures also result in a strong angle-dependence of colour properties, giving rise not only to the changes in hue that characterize iridescence, but also to strong specular (mirror-like) reflectance that accounts for their high brightness (overall reflectance) [8, 9] .
Most studies of animal coloration have focused on the function and mechanisms of hue, saturation and brightness [10] , largely ignoring other colour and reflection attributes. Glossiness-loosely defined as the specular component of light reflecting from an object [11, 12] , and perhaps most familiar as a sought-after component of human hair-is one such attribute. Being a complex variable derived from both the material's physical attributes and the observer's interpretation of highlights and background illuminance [13] , several definitions (as well as attempts to properly quantify it) have been posed, and the appropriate measure is likely to vary according to the system [12] .
Feathers vary in gloss even more widely than hair, as can be seen most clearly in non-iridescent black feathers that range from the dull matte of house sparrow (Passer domesticus) bibs to the lustrous sheen of crows and ravens (Family Corvidae). Because iridescent feathers also have high gloss, Toomey et al. [14] recently hypothesized that glossy black colour might be an intermediate step in the evolution of iridescence from matte black [3, 15] , suggesting that gloss without iridescence may result from a smooth feather surface that precedes the organization of melanin granules underneath it. Before we can test this hypothesis, it is first necessary to understand the morphological and mechanistic basis of glossy black feathers.
Thus, here we investigate the micro-and nanostructural basis of glossy black feathers using both a theoretical and empirical approach. First, we use reflectance spectrometry to quantify and compare glossiness of feathers visually classified as either glossy or matte. Second, we develop a mathematical model of an idealized glossy black thick-film reflector. Finally, we empirically test this model by using electron microscopy to examine and compare the micro-and nanostructure of glossy and matte feathers.
MATERIAL AND METHODS
(a) Sample collection Study skins of a phylogenetically diverse group of birds from the Ornithological Collection at The University of Akron were visually classified as matte or glossy black by three independent observers. Between 5 and 10 contour feathers were obtained from each of eight species that had been unanimously classified as glossy or matte (electronic supplementary material, table S1). Feathers were numerically coded and stored in numbered envelopes to allow for data collection blind to both species and group. Three of the feathers were separated for reflectance measurements, and the remainder were used for scanning (SEM) and transmission electron microscopy (TEM).
(b) Glossiness quantification For all reflectance measurements, we taped feathers to black construction paper, overlaying each other to simulate their natural organization on the bird's body. Reflectance was measured from these stacks using an Avantes AvaSpec-2048 spectrometer and AvaLight-XE pulsed xenon light source, relative to a WS-2 white reflectance standard (Avantes Inc., Boulder, CO, USA).
We used the ratio of specular to diffuse reflectance as our index of glossiness (Hunter's 'contrast gloss' [11, 12] ). To quantify specular reflectance, we took point-source reflectance measurements using two separate probes both placed at 758 from the plane normal using a block holder (AFH-15, Avantes Inc.). This geometry was chosen to maximize specular reflectance, minimizing scattering within the bulk material [16] . To quantify diffuse reflectance, we used an integrating sphere (AvaSphere-50-REFL, Avantes Inc.) equipped with a black gloss trap (AvaSphere-GT50, Avantes Inc.) to exclude specular reflectance.
We took three measurements each of diffuse and specular reflectance from the feathers using AVASOFT v. 7.2, with the probe holder completely removed and placed at a different location on the feather surface before each measurement. For point-source specular reflectance measurements, we also rotated the holding block in relation to the proximodistal axis to ensure that readings were taken at the azimuth angle of maximum reflectance [9] . We then interpolated measurements to 1 nm bins within the avian visible spectrum (300-700 nm), averaged reflectance across all wavelengths for each species and divided average specular by diffuse reflectance to obtain glossiness [11, 12] .
(c) Thin-film optical modelling Iridescent colours in feather barbules are characterized by discrete, saturated reflectance peaks and relatively high brightness [3] . By contrast, all black colours are characterized by low and uniform reflectance with no saturated peaks (e.g. [15, 17] ), and glossy blacks should have higher specular reflectance than matte blacks. We hypothesized that this enhanced specular reflectance, without saturated peaks, could be produced by simple thin-film nanostructures with certain optical path lengths. To identify these path lengths, we conducted thin-film simulations using the transfer matrix method (as outlined in [18] ), implemented in a script developed by Maia et al. [5] for the programming language R [19] . Since these models assume ideal reflectors (i.e. perfectly specular reflectance, smooth and regular interfaces) and only consider the specular component of reflection, they define an upper-bound hypothetical model to be compared with empirical measurements. Light was modelled at normal incidence, thus minimizing any surface effects that would not be accounted for by the model. Complex refractive indices (incorporating the extinction coefficient, which reflects the wavelength-dependent absorption of materials) for keratin (ñ ¼ 1.56 2 0.03i) and melanin (ñ ¼ 2.00 2 0.6i) were used [6, 7, 15] , and both the outermost keratin layer and the melanin layer were allowed to vary in thickness from 50 to 1000 nm in 10 nm bins.
All possible combinations of keratin and melanin layer thicknesses mentioned above were considered in an automated simulation to calculate brightness and contrast (a measure of saturation, calculated as the maximum minus the minimum reflectance values from the spectrum [10] ) of the predicted spectra. We then divided average reflectance in contrast to obtain a brightness-to-saturation ratio. Because they lack discrete reflectance peaks but have relatively high specular reflectance, the specular component of glossy black colours should have high brightness and low contrast, and thus high brightness-to-saturation ratios. We used this model to predict the thickness values of keratin and melanin layers that would produce such high values, then compared these with the empirical values obtained from transmission electron micrographs (see below).
(d) Electron microscopy measurements TEM samples were prepared following Shawkey et al. [20] . Reflectance stereomicroscopy suggested that differences in gloss resulted mostly from barbule (not barb rami) reflection, so we focused our morphological analyses on these structures. Three barbule images of each species were used to measure the barbule morphology. From each of these images, the following measurements were taken using IMAGEJ software [21] : (i) barbule width (the distance between the outermost edges of the barbule); (ii) barbule thickness (the distance between the top and bottom surfaces of the barbule cross-section, taken at three points per barbule); (iii) keratin cortex thickness (the distance from the edge of the barbule to the outermost melanin granule, taken at six different points per barbule); (iv) keratin cortex coefficient of variation (CV, obtained from the six measurements per barbule); (v) melanin layer thickness (the distance from the melanin granule defining the edge of the keratin cortex to the adjacent innermost granule); (vi) melanin density (the area occupied by melanin granules, obtained by a threshold procedure, divided by the cross-sectional barbule area). Finally, we drew a transect connecting all outermost granules in the perimeter of the barbule cross-section. The portion of this transect not intersecting melanin granules was used to quantify (vii) the number of gaps on the melanin layer and (viii) the discontinuity of the melanin layer (percentage of the transect not covered by melanin granules).
Variables (i) and (ii) were used to quantify size and shape of barbules, since such factors have been shown to affect glossiness in human hair [22, 23] . Variables (iii -v) were used to compare barbule nanostructural morphology to the simulated thin-film models, and variable (vi) was obtained to quantify the importance of pigmentation on glossiness [24] . Variables (vii) and (viii) were used to quantify the level of barbule nanostructural organization, since an organized melanin layer ultimately defines the keratin cortex thickness and is essential for iridescent structural colour to be produced in dark glossy species [5, 6, 25] .
(e) Evaluation of surface roughness Irregularities in reflecting surfaces can lead to out-of-phase reflectance and thus low gloss [16] . We therefore used SEM to assess surface roughness of barbules of glossy and matte feathers. Based on the Rayleigh criterion, at the specular reflectance angle of 758, irregularities in the surface must be over approximately 145 nm to interfere with scattering of light within the avian visible spectrum [16] . At 4000Â, features of this size and over are easily visible, so we used this magnification in our analyses. We developed a five-step graphic scale of textures (electronic supplementary material, figure S1 ) that ranged from smooth (¼1) to rough (¼5) based on surface irregularities. Five participants, blind to the identity of the species, were asked to rate one SEM micrograph for each species according to the roughness scale. Within-species repeatability of these rankings was evaluated [26] , and average values were used in the analysis.
(f) Statistical analyses We tested the distribution of all variables for departures from the normal distribution by visually inspecting their normal probability plots and comparing them to those obtained from random samples of the same size from normal distributions with the same parameters (mean and standard deviation). This approach is considered preferable to formal normality tests, especially in the case of small samples [27] . After log-transforming glossiness and keratin cortex thickness values, all variables were normally distributed. Unless otherwise noted, means are presented with their standard errors.
We used two-sample t-tests to compare variables between glossy and matte groups, and Pearson correlation tests to assess the relationship between the morphological variables and glossiness. Given our sample sizes and the number of variables tested, we had to account for and minimize chances of incurring both type I and type II errors. The inherent loss of power associated with Bonferroni corrections and similar procedures [28, 29] led us to present all our results as standardized effect sizes with their associated confidence intervals [30] . Through this approach, the magnitude of the differences and associations, as well as the associated uncertainties, can be evaluated directly, providing a more objective interpretation of both significant and non-significant results [31] [32] [33] .
We calculated all effect sizes and confidence intervals according to Nakagawa & Cuthill [30] . For t-tests, we calculated Hedge's d, and the associated confidence interval was calculated using non-central t distributions. For correlations, Pearson's correlation coefficient (r) was used, but since this statistic has a known non-normal distribution, Fisher's Z transformation was used to obtain standardized values (Zr) for the calculation of confidence intervals. For ease of interpretation, Zr values for the effect size and confidence limits were back-calculated to r values for the figures.
RESULTS
As expected, diffuse reflectance values for black feathers were low-all under 5 per cent average reflectance (solid lines in figure 1a,b) . However, specular reflectance curves from matte and glossy species (as assessed visually before spectral data were obtained) were distinctive: while the average reflectance of matte species was under Feather nanostructure and glossiness R. Maia et al. 1975 15 per cent, that of glossy species was highly variable and above 20 per cent (dashed lines in figure 1a,b) . Glossiness, as measured by the specular-to-diffuse reflectance ratio, was significantly higher in glossy than in matte species (t 14 ¼ 8.25, p , 0.001; figure 1c ).
(a) Thin-film optical modelling Our simulations predicted that the largest values for the brightness-to-saturation ratio should occur when the keratin layer is between 110 and 180 nm thick, peaking when it is approximately 120 nm thick and the melanin layer 115 nm thick (figure 2). A thinner cortex would result in very little interference within the visual range, and a thicker cortex produces higher-order harmonic peaks that are narrow and saturated (electronic supplementary material, figure S2 ). Simulations also predicted that variation in the keratin cortex thickness should play the most significant role in producing gloss, with the melanin layer thickness serving a greatly reduced role. Indeed, melanin has no discernible effect when its thickness is greater than approximately 150 nm (figure 2), smaller than the minimum diameter of most avian melanosomes thus far studied [34, 35] . Keratin thickness, on the other hand, strongly affected ratios in an oscillatory manner when its thickness was less than approximately 500 nm, with a more level effect at values greater than 500 nm. Because melanosome diameter constrains the achievable melanin layer thickness, and the thickness for the highest brightness-to-saturation ratio (115 nm) is much smaller than the observed melanosome diameter in our sample (260.83 + 13.53 nm), we determined that a keratin thickness between 110 and 180 nm should produce the greatest amount of gloss. We thus predicted that the thickness of the cortex in glossy feathers should be constrained within this range, while the range of the melanin layer thickness would be unconstrained because it serves no optical function. Further, we predicted that both cortex and melanin layer thickness of matte feathers should not be restricted within this range.
(b) Structural measurements As predicted, glossy species showed a high variation in melanin layer thickness, but variation of keratin cortex thickness was restricted and largely within our predicted values (table 1 and figure 2 ). Matte species, on the other hand, did not show this pattern, with highly variable keratin cortex thicknesses largely outside those predicted for glossy species, as well as highly variable melanin layer thicknesses (figure 2).
Descriptive statistics for the variables measured are summarized in table 1. Glossy and matte species differed in the nanostructural characteristics of their barbules (figure 3): glossy species had thinner and less variable keratin cortex, and a more continuous melanin layer with fewer gaps (figure 4a). However, glossy and matte species did not differ in microstructural characteristics of their barbules, with no statistical differences in barbule width, thickness or aspect ratio (t-tests; all p . 0.05). These variables had a point estimate effect size close to zero, further supporting a lack of difference in those variables between the groups (table 1 and figure 4a ). There were no differences between the groups in the proportion of melanin within the barbule or the thickness of the melanin layer (figure 4a).
Glossiness decreased with increasing keratin cortex thickness, melanin layer discontinuity and the number of gaps in the melanin layer, and, consistent with the comparative results above, was not correlated to any barbule microstructural morphology variables (figure 4b). Further, confidence intervals of the effect size of the correlation between glossiness and both measures of organization were narrower than in any other measure, indicating the smaller uncertainty upon the estimates of these significant effects (figure 4b).
Surface roughness rankings were highly repeatable (r ¼ 0.67, F 15,60 ¼ 11.57, p , 0.001) and, though they were also highly variable between species, glossy and matte species were not statistically different (t 14 ¼ 0.21, p ¼ 0.84; figure 5 ). Indeed, one of the glossiest species (yellow-bellied sapsucker) had an extremely rough surface (ranking ¼ 4.8), while a species with one of the darkest matte feathers (California quail) had the second smoothest surface (ranking ¼ 1.5, figure 5 ). Further, surface roughness rankings were not correlated to glossiness (r ¼ 0.03, d.f. ¼ 14, p ¼ 0.90). Although more precise methods for evaluating roughness, like atomic force microscopy (AFM), should be used for verification, these data suggest that feather gloss is unrelated to surface roughness.
DISCUSSION
As far as we are aware, this is the first attempt to identify the anatomical basis of glossiness in feathers. Our theoretical and empirical data suggest that it is produced by a simple arrangement of an extremely thin keratin cortex over a quasi-ordered layer of melanin granules in barbules. This structure thus appears to be morphologically intermediate between matte black and iridescent colours. This intermediacy is also seen in the faint peaks in spectral curves from many glossy black samples, which suggest that they have weak or washed-out iridescent colour. These results have important implications for the mechanisms and evolution of iridescent structural colours.
Physical models of thin-film structures predicted that glossy black colours should result from a keratin cortex between 110 and 180 nm thick. Although an organized layer of melanosomes is necessary to delineate this layer, its thickness should not affect the reflected spectra owing to melanin's high absorbance. Consistent with these predictions, the keratin cortex of glossy species averaged approximately 160 nm thick and was considerably less variable in thickness than the melanin layer. Matte species, on the other hand, showed high variation in both keratin and Feather nanostructure and glossiness R. Maia et al. 1977 melanin layer thicknesses, suggesting that matte colour can be produced by a broad range of morphologies. Interestingly, the keratin cortex dimensions found in glossy species should produce single-peak spectral curves within the avian visual limits, from a UV-violet peak (388 nm hue for a 100-nm-thick keratin cortex) to a copper-yellow (632 nm hue for a 180-nm-thick cortex), which would account for the weak saturation of their spectral curves (electronic supplementary material, figure S3 ). Such morphology, producing saturated iridescent colours, has been described in several species, where the melanin granules form a continuous and uninterrupted layer beneath the keratin cortex (figure 4) [3] [4] [5] 15, 36] . However, the organization of melanosomes in glossy black feathers is more irregular than in iridescent species with similar structures, with more gaps and very few rows of granules delineating the layer, making it a suboptimal thin-film reflector. Gaps and irregularities in the melanin layer deviate them from these ideal conditions, affecting the saturation of the reflected colour by reducing the layer's average refractive index and/or by interrupting the thin-film reflector [37, 38] , and has been shown to affect intraspecific and interspecific patterns of iridescence in this predicted direction [6, 15, 25] . Thus, the nanostructures in glossy black feathers would require only an increased level of organization to become fully iridescent.
Surface smoothness is typically considered the primary mechanism for achieving glossiness [39, 40] . Interestingly, we found no effect of surface texture on gloss, suggesting that the nanostructure of these feathers may produce gloss independent of surface roughness. However, the thickness of the keratin cortex within barbules of glossy species was less variable than that of matte species, suggesting that uniform thickness of the surface may be critical to gloss production even if smoothness is not. Feathers may have uniformly smooth surfaces, and thus any variation in gloss may only originate from variation in internal structure and pigment deposition pattern. Alternatively, the surface of iridescent barbules may be even smoother than that of glossy ones, and this hypothesis should be tested. Though not directly causing or producing gloss, scattering or absorption of light within the material may also influence perceived gloss by affecting the proportion of diffusely reflected light [23, 24, 41] . We found no evidence for the influence of pigmentation in glossiness, nor for a difference in patterns of melanization between glossy and matte species. These results are consistent with the fact that there was little interspecific variation in diffuse reflectance, as well as similar patterns of diffuse reflectance for matte and glossy species.
Neither barbule size nor shape had an effect on feather gloss. In human hair, both fibre size and shape have been suggested to influence gloss, by increasing the specular reflectance area and facilitating fibre alignment [22] . In feathers, barbules compose most of the feather vane surface, with hooklets that bind them together in position [42] . Therefore, it is probable that, in the case of feathers, barbule shape may not be as important in producing gloss, since barbules are already interwoven and held in place to provide the smooth vane that is critical to feather function.
Coloration of bird feathers is considered to be extremely labile, leading to fast divergence of patch colour and shape [43 -45] . Here, we show that glossy black feathers share properties with both melanin-based matte and structurally coloured feathers. Since all these colours are produced by the same material components, differing only in their relative concentration and organization, it is possible that glossy black feathers represent a potential intermediate on the evolution of iridescence. Toomey et al. [14] suggested that a smooth keratin surface would produce glossy feathers and that the rearrangement of granules within barbules would then lead to iridescence. Our results show, however, no relationship between surface smoothness and glossiness, and in fact suggest that some degree of nanostructural organization is already present in glossy black feathers.
The formation of a more organized outer layer of melanosomes during the barbule development may provide a scaffold for drying of keratin and thereby promote the growth of a keratin layer with uniform thickness [46] . Thus, the organization of granules may actually precede the production of a uniform cortex. Therefore, we suggest that one mechanism for the evolution of iridescence may be an interaction between melanosome organization and keratin cortex formation during feather development. Further, under this scenario, 'thick-film structures' (with a fundamental peak reflectance in the infrared spectrum and one or several harmonic peaks in the visible spectrum) should either be derived from this thin-film condition or represent an entirely different evolutionary and developmental pathway to iridescent coloration in feathers. These hypotheses can be tested through examination of developing matte, glossy and iridescent feathers from closely related species. Furthermore, the hypothesis that gloss is evolutionarily intermediate between matte and iridescent colour can be tested through rigorous phylogenetic comparisons. This work thus lays the groundwork for examination of the mechanisms and evolution of structural plumage colour at new levels of detail.
